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5RRILVDQLPSRUWDQWSDUWRIDVWRUDJHWDQNDQGLWVEXFNOLQJIDLOXUHPRGHVKRXOGEHH[DPLQHGGXULQJGHVLJQVWDJH+RZHYHUVRPH
IDFWRUVWKDWDIIHFWEXFNOLQJPD\DSSHDUDIWHUGHVLJQ)RUH[DPSOHWKHFDVHVWXGLHGLQWKLVSDSHUZDVGDPDJHGE\DFRQVWUXFWLRQ
DFFLGHQWRQVLWH$ZHLJKWKLWDSRWKROHRQWKHURRI2EYLRXVO\VXFKDFRQVWUXFWLRQGHIHFWZRXOGVLJQLILFDQWO\LPSDFWWKHFULWLFDO
ORDGRIEXFNOLQJ'XH WR WKHGLIILFXOW\RIUHSDLULQJDQGDSRVVLEOHVHFRQGDU\GDPDJHGXULQJUHSDLULQJDEXFNOLQJH[DPLQDWLRQ
ZDV QHFHVVDU\+RZHYHU IRUPXODV LQ WKH FRGH FDQ RQO\ EH XVHG IRU WKH URRIVZLWKRXW VXFK VHULRXV GHIHFW$ FRPSUHKHQVLYH
QXPHULFDODQDO\VLVHJ)($RIEXFNOLQJIRUWKLVURRILVQHFHVVDU\IURPDWHFKQLFDODQGHFRQRPLFSRLQWRIYLHZ
$FFRUGLQJWRWKH&KLQHVHFRGHJBJ 7-2010Technical Specification for Space Frame StructuresWKHILQLWHHOHPHQWPRGHOVXQGHU
GLIIHUHQW ORDG FDVHV DUH EXLOW IRU WKLV NLQG RI VWRUDJH WDQN URRI7DNLQJ LQWR DFFRXQW WKH LQLWLDO GHIHFW FDXVHG E\ WKH VWUXFWXUH
PDQXIDFWXUHLQVWDOODWLRQGHYLDWLRQDQGFRQVWUXFWLRQGDPDJHWKHVWDWLFDQDO\VLVOLQHDUEXFNOLQJDQDO\VLVDQGJHRPHWULFQRQOLQHDU
DQDO\VLV ZHUH SHUIRUPHG WR WUDFN WKH ZKROH SURFHVV RI ORDGGLVSODFHPHQW FKDQJH HYDOXDWH WKH FULWLFDO ORDG RI EXFNOLQJ DQG
DFKLHYHWKHUHDVRQDEOHUHSDLULQJVFKHPHRIWKLVWDQNURRI
7KH$XWKRUV3XEOLVKHGE\(OVHYLHU/WG
3HHUUHYLHZXQGHUUHVSRQVLELOLW\RIWKHRUJDQL]LQJFRPPLWWHHRI,&397
Keywords:EXFNOLQJDQDO\VLVWDQNURRIILQLWHHOHPHQWPHWKRGQRQOLQHDU
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:LWK WKH WHQGHQF\ RI ODUJHVL]H WDQN VRPH FDVHV RI URRI VWDELOLW\ DUH EH\RQG WKH FDOFXODWLRQ VFRSH RI FODVVLF
IRUPXODWLRQSURYLGHGE\VRPHIDPRXVWDQN&RGHHJ$3,>@DQG&KLQHVH&RGH*%>@(VSHFLDOO\LQ
VRPHVSHFLDOVLWXDWLRQVHJURRIZLWKDSRWKROHVWXGLHGLQWKLVSDSHUHQJLQHHUVKDYHWRXVH)($PHWKRGWRHYDOXDWH
WKHSUREOHP
.H\SRLQWVDQGGLIILFXOWLHVRIEXFNOLQJDQDO\VLVIRUWDQNURRIEDVHGRQ)($
1.1. Key points of FEA 
)RUDFRPSOHWHEXFNOLQJDQDO\VLVRIWDQNURRIEDVHGRQ)($WKHIROORZLQJLWHPVVKRXOGEHFRQVLGHUHG
x 'LIIHUHQWORDGFRQGLWLRQVDQGFRPELQDWLRQV
x $VVXPSWLRQDQGVLPSOLI\RIPRGHO
x ,QLWLDOGHIHFWFDXVHGE\WKHVWUXFWXUHPDQXIDFWXUHLQVWDOODWLRQGHYLDWLRQDQGZHOGLQJUHVLGXDOVWUHVV
x 8VLQJVWDWLFDQDO\VLVDQGEXFNOLQJDQDO\VLVWRREWDLQWKHEXFNOLQJFULWLFDOORDG
x 8VLQJJHRPHWULFQRQOLQHDUDQDO\VLVWRWUDFNWKHZKROHSKDVHRIORDGGLVSODFHPHQWEHKDYLRU
1.2. Introduction of <Technical Specification for Space Frame Structures> 
$VZHDOONQRZHYDOXDWLRQRISUHVVXUHYHVVHOGHVLJQHGE\DQDO\VLVPD\EHSHUIRUPHGDFFRUGLQJWR$60(9,,,
>@+RZHYHUWKHUHLVQRFRUUHVSRQGLQJ&RGHIRU)($HYDOXDWLRQRIODUJHWDQNURRI,QSUDFWLFHHQJLQHHUVXVXDOO\
UHIHUWRVWHHOVWUXFWXUH&RGHVXFKDV$16,$,6&>@DQG&KLQHVH&RGH*%>@
,Q&KLQHVH&RGH-*-7HFKQLFDO6SHFLILFDWLRQIRU6SDFH)UDPH6WUXFWXUHV>@ZDVLVVXHG LQZKLFK
GHWDLOHGVSHFLILFDWLRQVDQGUHTXLUHPHQWVIRUVWUXFWXUHVHOHFWLRQDQDO\VLVDQGFDOFXODWLRQFRQVWUXFWLRQRIFRQQHFWLRQV
PDQXIDFWXUH LQVWDOODWLRQDQG WHVWZHUHV\VWHPDWLFDOO\JLYHQ7KHGRPHURRIRI WDQN LVDFWXDOO\RQHNLQGRIIUDPH
VWUXFWXUH VR WKHPHWKRGV DLPHG DW )($ LQ WKLV &RGHPD\ EH JHQHUDOL]HGWREHFRPHFRPPRQJXLGHOLQHV RI )($
DQDO\VLVIRUWDQNURRI
1.3. Approach of buckling analysis for frame structure 
6LPLODU WRSUHVVXUHYHVVHO WKHPDLQIDFWRUVDIIHFWLQJWKHVWDELOLW\RIIUDPHVWUXFWXUHLQFOXGHLQLWLDOGHIHFWQRQ
OLQHDUFKDUDFWHULVWLFVPDWHULDOEHKDYLRUV VXSSRUWLQJFRQGLWLRQVORDGGLVWULEXWLRQPHVKJHQHUDWLRQDQGVRRQ7KH
ILUVW RQH LH LQLWLDO GHIHFWZLOO VLJQLILFDQWO\ LPSDFW WKH VWDELOLW\ RI DOO NLQGV RI IUDPH VWUXFWXUH VR LW VKRXOG EH
FRQVLGHUHGLQWKHIROORZLQJDQDO\VLV
$FFRUGLQJWR-*->@WKHVWDELOLW\RIIUDPHVWUXFWXUHFDQEHFDOFXODWHGEDVHGRQJHRPHWULFQRQOLQHDUILQLWH
HOHPHQW PHWKRG LQ ZKLFK PDWHULDO PRGHO FDQ EH HLWKHU HODVWLF RU HODVWLFSODVWLF 'LIIHUHQW PDWHULDO PRGHOV
FRUUHVSRQGWRGLIIHUHQWVDIHW\IDFWRUV)RUDODUJHVL]HRUFRPSOH[VWUXFWXUHLWLVEHWWHUWRXVHHODVWLFSODVWLFDQDO\VLV
ZKLFKLVDGRSWHGLQWKLVSDSHU7KHLQLWLDOGHIHFWLHWKHLQLWLDOVXUIDFHGHYLDWLRQGXHWRLQVWDOODWLRQZLOOEHREWDLQHG
WKURXJKPLQLPXPRUGHUEXFNOLQJPRGH7KHPD[LPXPRIGHYLDWLRQFDQEHWDNHQDVRIVSDQRIIUDPHVWUXFWXUH
1.4. Criterion of allowable load for stability 
/RDGYDOXHDWWKHILUVWFULWLFDOSRLQWREWDLQHGIURPWKHJHRPHWULFQRQOLQHDUDQDO\VLVZLWKHODVWLFRUHODVWLFSODVWLF
PDWHULDOPRGH FDQ EH XVHG DV OLPLW ORDG IRU VWDELOLW\ RI GHIHFWLYH IUDPH VWUXFWXUH 7KH DOORZDEOH ORDG YDOXH IRU
VWDELOLW\ HTXDOV WR OLPLW ORDG GLYLGHG E\ WKH VDIH IDFWRU  IRU HODVWLF PDWHULDO PRGHO DQG  IRU HODVWLFSODVWLF
PDWHULDOPRGHOUHVSHFWLYHO\
%XFNOLQJDQDO\VLVRIWDQNURRIZLWKFRQVWUXFWLRQGHIHFW
7KHWDQNURRIVWXGLHGLQWKLVSDSHULVDVSHFLDOFDVH:KHQWKHWDQNZDVFRQVWUXFWHGRQVLWHDZHLJKWKLWDSRWKROH
RQ WKH URRI ,W LV D VSHFLDO LQLWLDO GHIHFWZKLFK LV ORFDO UDWKHU WKDQJOREDO FRPSDUHG WR WKDW FDXVHGE\ LQVWDOODWLRQ
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GHYLDWLRQ +RZ WKLV ORFDO LQLWLDO GHIHFW DIIHFWHG WKH VWDELOLW\ RI URRI FRPELQHG ZLWK UHJXODU JOREDO LQLWLDO GHIHFW
XVXDOO\VLPXODWHGE\QRQOLQHDUEXFNOLQJDQDO\VLVZLOOEHVWXGLHGDQGGLVFXVVHGEHORZ
2.1. Design condition 
7KHEDVLFGHVLJQFRQGLWLRQRIWKHWDQNDQGLWVGRPHURRILVVKRZQLQ7DEOH
7DEOH'HVLJQFRQGLWLRQRIWDQNDQGLWVURRI
1RPLQDO&DSDFLW\P 
'HVLJQ3UHVVXUH,QWHUQDO.3DJ 
'HVLJQ3UHVVXUH([WHUQDO.3DJ 
'HVLJQ7HPSHUDWXUHć 
2SHUDWLQJ7HPSHUDWXUHć 
&RUURVLRQ$OORZDQFHPP 
0DWHULDORI&HQWHU7RS3ODWHDQG)DQ6KDSHG3ODWH 6$*U
0DWHULDORI5LEV 6$*U&
:HLJKWRI5RRI.J 

7KHVL]HDQGGHWDLOHGVWUXFWXUHRIURRIDUHVKRZQLQ)LJDQG)LJ7KHURRILVDVSKHULFDOODWWLFHGVKHOOZKRVH
GLDPHWHU DQG ULVH DUHPPDQGPPUHVSHFWLYHO\7KH WRWDOQXPEHURI UDGLDO DQGFLUFXPIHUHQWLDO ULEV LV
ZKRVHFURVVVHFWLRQLVPP;PP'XULQJWKHFRQVWUXFWLRQRQVLWHDZHLJKWKLWDSRWKROHRQWKHURRI,WV
GLDPHWHULVP,WVGHSWKLVP,WLVPEHWZHHQLWVFHQWHUDQGURRIFHQWHUVKRZQLQ)LJ7KHGLVSODFHPHQWZDV
VFDOHGXSIRUFOHDUGLVSOD\
2.2. Load condition 
$FRPSOHWHWDQNGHVLJQVKRXOGFRQVLGHUDOONLQGVRIORDGVLQFOXGLQJLQWHUQDORUH[WHUQDOSUHVVXUHHJGHDGORDG
GXH WRZHLJKW OLYH ORDG GXULQJ FRQVWUXFWLRQ ZLQG DQG VHLVPLF ORDGV DOO RIZKLFK KDYH DOUHDG\ EHHQ H[DPLQHG
GXULQJGHVLJQSKDVH6RLQWKLVSDSHUZHRQO\VWXGLHGWKHVWDELOLW\RIURRIZLWKSRWKROHXQGHUH[WHUQDOSUHVVXUHDQG
GHDGORDGVXFKDVZHLJKW
2.3. Assumptions of FEA model 
7KHIROORZLQJDVVXPSWLRQZDVDGRSWHGLQWKH)($PRGHO
5DGLDODQGFLUFXPIHUHQWLDOULEVZHUHFRQQHFWHGE\ZHOGLQJ$FFRUGLQJWR,WHPRI-*->@VXFKRQH
OD\HUODWWLFHGVKHOOVKRXOGXVHULJLGMRLQW
1RUPDOO\VWHHOSODWHVZHUHVLPXODWHGE\6KHOODQGULEVZHUHVLPXODWHGE\%HDPVKRZQLQ)LJ%XWDV
SHU -*- >@ VWHHO SODWH RQ WKH ODWWLFHG VKHOO ZDV QRW FRQVLGHUHG LQ HODVWLFSODVWLF DQDO\VLV ZKLFK ZDV
FRQVHUYDWLYH
6WHHOSODWHVDUHXQQHFHVVDU\WREHFRQVLGHUHG%XWWKHUHLQIRUFHPHQWRQVWUHQJWKDQGVWDELOLW\FDQQRWEHQHJOHFWHG
6RWKH)(PRGHOXVHGEHDPHOHPHQWZLWK7VHFWLRQZKLFKLVVKRZQLQ)LJ


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
)LJ0DLQYLHZRIWKHURRI

)LJ2YHUKHDGYLHZRIWKHURRI
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
)LJ5RRIPRGHOXVLQJVKHOOHOHPHQWDQGEHDPHOHPHQW


)LJ%HDPHOHPHQWZLWK7VHFWLRQ
2.4. Initial defect 
%HIRUHWKHQRQOLQHDUDQDO\VLVZDVSHUIRUPHGWKHLQLWLDOGHIHFWVKRXOGEHREWDLQHGDQGLPSRVHGRQWKH)(PRGHO
ZKLFKZRXOGJUHDWO\LPSDFWWKHVWDELOLW\
2.4.1. Initial defect from linear buckling mode 
7KH LQLWLDO GHYLDWLRQV RI WKH MRLQW SRVLWLRQV DUH WKH PDLQ LQLWLDO JHRPHWULFDO GHIHFWV WKDW DIIHFW WKH VWDELOLW\
SHUIRUPDQFHRI WKH ORQJVSDQVSDWLDO VWUXFWXUHV7KHXVXDOZD\ WRDWWDLQ LQLWLDOGHIHFW LVEDVHGRQ OLQHDUEXFNOLQJ
PRGHZKLFKLVDOVRUHFRPPHQGHGE\-*->@'XULQJWKHGHVLJQSKDVHGHVLJQHUFRXOGQRWH[SHFWWKHDFWXDO
GHYLDWLRQRIFRQVWUXFWLRQ6R LQLWLDOGHIHFW IURP OLQHDUEXFNOLQJPRGHOXVHG LQ)($LVFRQVHUYDWLYH7KHDQDO\VLV
UHVXOWVRIWKHILUVWWKUHHPRGHVDUHSUHVHQWHGLQ)LJa)LJ7KHGLVSODFHPHQWZDVVFDOHGXSIRUFOHDUGLVSOD\7KH
ORDGPXOWLSOLHUVIRUWKHILUVWVHFRQGDQGWKLUGPRGHZHUHDQGUHVSHFWLYHO\
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
)LJ7KHILUVWPRGHDQDO\VLVUHVXOW

)LJ7KHVHFRQGPRGHDQDO\VLVUHVXOW

)LJ7KHWKLUGPRGHDQDO\VLVUHVXOW
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2.4.2. Initial defect defined by actual condition 
7KH URRI VWXGLHG LQ WKLV SDSHUKDV DOUHDG\EHHQ FRQVWUXFWHGRQVLWH ,WKDV WZRNLQGVRI LQLWLDO GHIHFWV2QH LV
GHYLDWLRQ GXH WR LQVWDOODWLRQ DQGZHOGLQJ UHVLGXDO VWUHVV VLPLODU WR RWKHU WDQN URRIV 7KH RWKHU LV D SRWKROHZLWK
SDUWLFXODUVL]HDQGORFDWLRQFDXVHGE\DQDFFLGHQW6RWKHGHVLJQHUVKRXOGVLPXODWHWKHLQLWLDOGHIHFWDFFRUGLQJWRWKH
DFWXDOFRQGLWLRQUDWKHUWKDQEDVLQJRQWKHOLQHDUEXFNOLQJPRGHVLPSO\
)LUVWO\WKHJOREDOGHIRUPDWLRQVLPXODWLQJLQVWDOODWLRQGHYLDWLRQZDVLPSRVHGVKRZQLQ)LJ,WFDQEHVHHQWKDW
WKHGHIRUPDWLRQFKDQJHGIURPXSDQGGRZQLQDFLUFXODUGLUHFWLRQZKLFKKLJKO\PDWFKHGWKHDFWXDOVLWXDWLRQ7KH
GLVSODFHPHQWZDVVFDOHGXSIRUFOHDUGLVSOD\
6HFRQGO\DIRUFHZDVXVHGDVDZHLJKWWRKLWDSRWKROHRQWKHURRIVKRZQLQ)LJ7KHGLVSODFHPHQWZDVVFDOHG
XSIRUFOHDUGLVSOD\


)LJ,QLWLDOGHIHFWGXHWRLQVWDOODWLRQ


)LJ5RRIZLWKDSRWKROH
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2.5. Non-linear buckling analysis 
$VPHQWLRQHG DERYH WKHUH DUH WZR NLQGV RI DSSURDFKHV IRU QRQOLQHDU EXFNOLQJ DQDO\VLV JHRPHWULF QRQOLQHDU
DQDO\VLV ZLWK HODVWLF RU HODVWLFSODVWLFPDWHULDOPRGH 7KH DOORZDEOH ORDG YDOXH IRU VWDELOLW\ HTXDOV WR OLPLW ORDG
GLYLGHGE\WKHVDIHIDFWRUIRUHODVWLFPDWHULDOPRGHODQGIRUHODVWLFSODVWLFPDWHULDOPRGHOUHVSHFWLYHO\,QWKLV
VWXG\HODVWLFPDWHULDOPRGHZDVXVHG
2.5.1. Rechecking the stability of roof without pothole 
6WDELOLW\RIWKHURRIZLWKRXWSRWKROHZDVJXDUDQWHHGE\UHJXODUFDOFXODWLRQDFFRUGLQJWR$3,>@GXULQJGHVLJQ
SKDVH+HUHZHUHFKHFNHGWKHUHVXOWWKURXJK)($DFFRUGLQJWR-*->@0DLQVWHSVDVIROORZV
x 6WHS$SSO\LQJLQLWLDOGHIHFWZLWKRXWSRWKROHGHVFULEHGLQ6HFWLRQ
x 6WHS8VLQJHODVWLFPDWHULDOPRGH
x 6WHS7XUQRQ/DUJH'HIRUPDWLRQIXQFWLRQ
x 6WHS6WHSSLQJXSORDGVZLWKWLPHVWHSVLQFUHDVLQJDVVKRZQLQ7DEOH,WZDVDQDULWKPHWLFSURJUHVVLRQZLWKD
WROHUDQFHRIH17KHPD[LPXPYDOXHRIH1ZDVGHWHUPLQHGDFFRUGLQJWRWKHUHVXOWRIOLQHDUEXFNOLQJ
DQDO\VLVDQGVDIHIDFWRUIRUHODVWLFPDWHULDOPRGHOVKRZQLQ7DEOH+HUHWKHH[WHUQDOSUHVVXUHVKRZQLQ
7DEOHKDVEHHQFRQYHUWHGLQWRWKHIRUFHIRUWKHSXUSRVHRIDSSO\LQJORDGRQ)(PRGHFRQYHQLHQWO\
7DEOH,QFUHDVLQJORDGLPSRVHGRQWDQNURRI
7LPH6WHS /RDG9DOXH1
 (
 (
 (
 
 (
 
 (
 
 (

x 6WHS3HUIRUPLQJ)($XVLQJ$16<6VRIWZDUH
x 6WHS(YDOXDWLQJWKHFDOFXODWLRQUHVXOW7KH'HIRUPDWLRQ7LPHFXUYH)LJVKRZHGWKDWWKHVWUXFWXUHDOZD\V
NHSWHODVWLFLQDOOORDGLQJSURFHVVWLOOWKHPD[LPXPORDGH1ZKLFKZDVWLPHVGHVLJQORDG7KDWLVVDIHW\
IDFWRULVDFWXDOO\JUHDWHUWKDQUHTXLUHGE\-*->@,QWKHPHDQWLPHPD[LPXPGHIRUPDWLRQZDV
PPVKRZQLQ)LJDWWLPHVWHSZKLFKLVOHVVWKDQRQHWKUHHKXQGUHGWKRIWKHVSDQPP6RLW
ZDVYHULILHGRQFHDJDLQWKDWWKHURRIFDQEHDUGHVLJQORDG
2.5.2. Checking the stability of roof with pothole 
7KHQRQOLQHDUEXFNOLQJDQDO\VLVUHVXOWRIWKHURRIZLWKDSRWKROHZDVVKRZQLQ)LJDVEHOORZ
$V FDQ EH VHHQ IURP )LJ  XQGHU H[WHUQDO ORDG WKH VWUXFWXUHZDV NHSW HODVWLF DW WKH EHJLQQLQJ RI ORDGLQJ
SURFHVV7KHGHIRUPDWLRQDW WLPHVWHSZDVPPZKLFKZDVDOUHDG\EH\RQGWKHDOORZDEOHYDOXHPP
UHTXLUHG E\ -*- >@ 7KH GHIRUPDWLRQ DW WLPH VWHS  ZDV PP $QG WKHQ DW QH[W WLPH VWHS
GHIRUPDWLRQRIURRIZDVLQFUHDVHGVXUSULVLQJO\XSWRPPZKLFKLQGLFDWHGWKHVWUXFWXUHFROODSVHG
7KH DOORZDEOH H[WHUQDO ORDG IRU WKLV URRI ZLWK D SRWKROH LV WKH ORDG YDOXH DW WLPH VWHS  GLYLGHG E\ WKH
FRUUHVSRQGLQJVDIHW\IDFWRU7KHUHVXOWZDVPXFKOHVVWKDQGHVLJQORDG

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
)LJ'HIRUPDWLRQWLPHFXUYHIRUURRIZLWKRXWDSRWKROH

)LJ'HIRUPDWLRQRIURRIZLWKRXWDSRWKROHDWWLPHVWHS

)LJ'HIRUPDWLRQRIURRIZLWKDSRWKROH
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
)LJ'HIRUPDWLRQWLPHFXUYHIRUURRIZLWKDSRWKROH
&RQFOXVLRQV
7KH)($VKRZHGWKDWGHIHFWOLNHDSRWKROHDOWKRXJKZKLFKLVORFDOZDVDVHULRXVQHJDWLYHIDFWRUWRWKHVWDELOLW\
RIWDQNURRI,QWKLVH[DPSOHZHFDQVHHWKHFULWLFDOORDGRIEXFNOLQJGHFOLQHGJUHDWO\,QRWKHUZRUGVWKHURRIZLWK
VXFKDSRWKROHVKRXOGEHUHSDLUHGEHIRUHRSHUDWLRQ
-*->@KDVSURYLGHGFRPSUHKHQVLYHJXLGDQFHIRUWKHVSDFHIUDPHVWUXFWXUH7DQNURRIFDQEHFRQVLGHUHG
DVRQHRIVSDFHIUDPHVWUXFWXUHV(VSHFLDOO\IRU ODUJHVL]H WDQNURRIV WKHVWUHQJWKDQGEXFNOLQJDQDO\VLVEDVHGRQ
QRQOLQHDU)($LVHIIHFWLYHDQGQHFHVVDU\
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